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In the Drosophila nervous system, lateral inhibition regulates commitment to a neural fate by preventing neighbouring
cells from developing alike. This signalling process is mediated by two transmembrane proteinsÐNotch as receptor and
Delta as its ligand. The Delta-related protein Serrate also acts as a Notch ligand in Drosophila, but in a different develop-
mental process that organises patterning of the wing. We have previously shown that lateral inhibition operates at early
stages of neurogenesis in vertebrates, via genes homologous to Drosophila Delta and Notch. We report here the cloning
of a chick Serrate homologue, C-Serrate-1. This gene is expressed in the central nervous system, as well as in the cranial
placodes, nephric epithelium, vascular system, and distal limb-bud mesenchyme. In most of these sites, its expression is
associated with expression of C-Notch-1 and C-Delta-1. All three genes are expressed in the ventricular zone of the
hindbrain and spinal cord, throughout the period when neurons are being born. Within this zone, C-Delta-1 and C-Serrate-
1 are expressed in complementary subsets of nondividing cells that appear to be nascent neurons: C-Serrate-1 expression
is restricted to speci®c locations along the dorsoventral axis, forming narrow bands extending from the anterior hindbrain
to the tail. Our observations strongly suggest that Delta±Notch signalling delivers lateral inhibition not only early but
throughout vertebrate neurogenesis to regulate neuronal commitment, and that Serrate±Notch signalling may act similarly
in this process. By analogy with its role in Drosophila wing patterning, C-Serrate-1 may also have a role in organising
the dorso-ventral pattern of the neural tube. We argue that signalling via Notch maintains neurogenesis, both in verte-
brates and in ¯ies, by keeping a proportion of the neuroepithelial cells in an uncommitted stem-cell-like state.
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INTRODUCTION and Campos-Ortega, 1993; Lardelli et al., 1994; Larsson et
al., 1994). This suggests that Notch-mediated signalling
may be as important in vertebrates as in the ¯y or the worm.In many developing tissues, adjacent cells exchange sig-
To explore this possibility, we have identi®ed vertebratenals that control their individual fates, giving rise to ®ne-
homologues of ¯y Notch ligands. To look for evidence ofgrained patterns of cell specialisation. In Drosophila, the
their function, we have focused on the developing centralNotch protein plays a key role as signal receptor in commu-
nervous system and the involvement of these signallingnications of this sort, regulating the details of cell differenti-
molecules in the genesis of neurons.ation in tissues as diverse as the central nervous system
In Drosophila, Notch has two known ligands, Delta andand the gut (Artavanis-Tsakonas et al., 1995); the Notch
Serrate, which operate in different circumstances and de-homologues Lin12 and Glp1 have similar functions in
liver signals governing different developmental decisions.Caenorhabditis elegans (Sternberg, 1993). Vertebrates have
Delta acts in a wide variety of sites and mediates lateralgenes homologous to Notch that are also widely expressed
inhibition: through Delta±Notch signalling, a cell that be-(Coffman et al., 1990; Weinmaster et al., 1991; Bierkamp
comes committed to a speci®c pathway of differentiation
inhibits its neighbours from doing likewise (Heitzler and
Simpson, 1991; Muskavitch, 1994). In the development of1 Present address: Imperial Cancer Research Fund, 44 Lincoln's
Inn Fields, London WC2A 3PX, United Kingdom. the ¯y's nervous system, this mechanism regulates com-
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to Hamburger and Hamilton (1951). Developmental time is speci-mitment to a neural fate (Artavanis-Tsakonas et al., 1991,
®ed in HH hours, meaning notional hours of incubation according1995). The other identi®ed Notch ligand, Serrate, has no
to the Hamburger±Hamilton tables, or, for late stages, in embry-known function in lateral inhibition, but operates in the
onic days.wing imaginal disc and a few other sites; signalling by Ser-
rate is required to de®ne specialised cells at the wing margin
(Speicher et al., 1994; Couso et al., 1995; Diaz-Benjumea Cloning of a Chicken Homologue of Drosophila
and Cohen, 1995; Kim et al., 1995), which play an essential Serrate
part in organising the pattern and outgrowth of the wing
C-Serrate-1 was cloned by PCR as described in Henrique et al.(Diaz-Benjumea and Cohen, 1993).
(1995) for C-Delta-1, using the degenerate oligonucleotide primersAlthough they control different processes in develop-
CGI(T/C)TITGC(T/C)TIAA(G/A)(G/C)AITA(C/T)CA and TCI-ment, Delta and Serrate are closely related molecules. They
AT(A/G)CAIGTICCICC(A/G)TT, which correspond to the ¯y Ser-are both, like Notch itself, transmembrane proteins with
rate/Delta sequences RLCLK(E/H)YQ and NGGTCID, respec-tandem arrays of EGF repeats in their extracellular domain
tively. The initial reaction used ®rst-strand random-primed cDNA
(VaÈssin et al., 1987; Kopczynski et al., 1988; Fleming et al., made from transverse hindbrain fragments incorporating the otic
1990; Thomas et al., 1991). Both proteins bind to Notch in cup, dissected from stage 8±13 embryos (27.5±50 HH hours). A
a cell adhesion assay (Rebay et al., 1991), and they share PCR product of approximately 900 bp was puri®ed, subcloned into
a large region of homology at their amino termini that is pBluescriptKS-, and used to screen two cDNA libraries at high
necessary and suf®cient for interaction with Notch in vitro stringency: (1) a stage 8±13 hindbrain-fragment random-primed
(Muskavitch, 1994). Moreover, Gu et al. (1995) have re- cDNA library (D. Henrique and J. Adam, unpublished results); (2)
a stage 17 (58 HH hours) chick spinal cord oligo(dT)-primed cDNAported that ectopic expression of Serrate can partially rescue
library (a gift from T. Jessell). Several cDNAs were isolated andthe neurogenic phenotype of Delta mutant embryos, sug-
sequenced, two of which together cover the entire coding regiongesting that in this arti®cial context Serrate can function
of the gene except for a small portion of the 5* end. Comparisonas a substitute for Delta.
with the full-length sequence of rat Jagged (Lindsell et al., 1995)We have found that vertebrates have homologues both of
indicates that the missing portion corresponds to 26 amino acidsDelta and of Serrate (Henrique et al., 1995), and we have
of the signal sequence. Sequences were aligned and analysed usingshown that the Delta homologue Delta-1 regulates neuro-
Geneworks 2.3 (Intelligenetics) and the Wisconsin GCG set of pro-genesis by lateral inhibition, as in the ¯y, during production
grams. The nucleic acid sequence has been deposited with Gen-
of the ®rst batch of neurons to appear in the vertebrate Bank.
embryo: the prospective primary neurons express Delta-1
and thereby inhibit neuronal differentiation in neighbour-
ing cells, which express the Notch homologue Notch-1 Cloning of a Chicken Homologue of Notch-1
(Chitnis et al., 1995). It remains to be determined, however,
A 1000-bp PCR fragment of a chicken Notch-1 homologue,whether this same mechanism governs production of neu-
termed C-Notch-1, was ampli®ed from the hindbrain-fragmentrons at all stages of neurogenesis in vertebrates or whether
cDNA using degenerate primers and PCR conditions as outlinedit is a peculiarity of primary neurogenesis. It is also unclear
in Lardelli and Lendahl (1993). The C-Notch-1 fragment shows 86%
whether Serrate homologues have any function in verte- amino acid identity with the corresponding part of rodent Notch-
brate neurogenesis, although it has been reported that Jag- 1, compared to 54% identity with Notch-2 and 55% identity with
ged, a rat Serrate homologue, is expressed in the developing Notch-3. The sites of expression of C-Notch-1 (see Figs. 2±6) also
spinal cord as late as E14.5 (Lindsell et al., 1995). match the reported sites of Notch-1 expression in rodents at equiva-
We report here on the chick Serrate homologue C-Serrate- lent stages (Weinmaster et al., 1991; Franco del Amo et al., 1992;
1, the chick counterpart of Jagged. We have examined the Reaume et al., 1992; Kopan and Weintraub, 1993; Lardelli et al.,
1994).expression of C-Serrate-1 and of the chick Delta-1 and
Notch-1 genes (C-Delta-1 and C-Notch-1), focusing espe-
cially on the later stages of neurogenesis in the hindbrain
In Situ Hybridisationand spinal cord. We show that C-Delta-1 and C-Notch-1
continue to be expressed in a relationship analogous to that Patterns of gene transcription were determined by in situ hybridi-
seen at earlier stages of CNS development, suggesting that sation using DIG-labelled RNA antisense probes (Boehringer Mann-
Delta±Notch signalling controls commitment to a neural heim) made from PCR fragments subcloned into pBluescriptKS0;
fate throughout neurogenesis in vertebrates. There are, the probe for C-Delta-1 corresponded to a 708-bp region spanning
the DSL domain. Whole-mount hybridisation was performed ashowever, speci®c domains of the neural tube in which C-
described by Henrique et al. (1995). In situ hybridisation on cryostatSerrate-1 is expressed in place of C-Delta-1. This suggests
sections was based on the protocol of StraÈhle et al. (1994) with thethat C-Serrate-1 also plays a signi®cant role in regulating
following modi®cations: hybridisation was done at 657C; the ®nalneurogenesis in the vertebrate CNS.
(®fth) posthybridisation wash was in MABT (100 mM maleic acid,
150 mM NaCl, 0.1% Tween 20); sections were blocked in 2% Boeh-MATERIALS AND METHODS
ringer Blocking Powder / 20% heat-inactivated sheep serum in
Embryos MABT; they were then incubated overnight at room temperature
in anti-DIG antibody (1:2000±1:8000; Boehringer Mannheim) inHens' eggs (Light Sussex 1 Rhode Island Red) were incubated in
a humidi®ed atmosphere at 387C. Embryos were staged according the blocking solution, washed in MABT followed by NTMT, and
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stained overnight with NBT/BCIP according to the published proto- domains (Fig. 1A). C-Serrate-1 is therefore very likely to be
col (StraÈhle et al., 1994). the chick orthologue of Jagged.
C-Serrate-1 Is Expressed at Multiple PeripheralBrdU Labelling
Sites as well as in the CNS
Eggs were windowed at 24±36 hr of incubation and returned to We have used in situ hybridisation to examine the expres-
the incubator. At E5, approximately 5 ml of BrdU (15 mg/ml in PBS)
sion of C-Serrate-1, comparing this with the expression ofwas injected into a vein of the chorioallantoic membrane. The
a Notch family member, C-Notch-1, the chick counterpartembryos were incubated for a further 30, 60, or 120 min, ®xed,
of the rodent Notch-1 gene (see Materials and Methods).cryosectioned, and taken through the in situ hybridisation proce-
The most suggestive patterns are seen in the developingdure as described above. After staining, slides were washed in PBS
hindbrain and spinal cord, but we ®rst brie¯y describe sitesand processed for BrdU immunodetection (Biffo et al., 1992). Anti-
BrdU (1:1000; Sigma) was detected using FITC-coupled goat anti- of C-Serrate-1 expression elsewhere in the embryo (Figs. 2±
mouse secondary antibody (Cappel). Composite bright-®eld (in situ 5). These fall under ®ve main headings: cranial placodes,
hybridisation) and ¯uorescent (BrdU) images were obtained using a meso- and metanephros, vascular system, limb buds, and
Bio-Rad MRC600 confocal microscope and printed out using Adobe central nervous system. As summarised in Table 1, C-
Photoshop. Notch-1 is also expressed in or near all of these sites, im-
plying that Serrate±Notch signalling may occur in all of
them.
1. Cranial placodes. C-Serrate-1 seems to be involvedRESULTS
in the development of many neural and sensory structures.
It is expressed in almost all the cranial placodes: the lensC-Serrate-1 Is a Homologue of Drosophila Serrate
placode, the nasal placode, the otic placode, and the epibran-
chial placodes (Figs. 2F±2I). In each, expression is ®rst de-Using a PCR-based strategy, we have isolated several
chick homologues of the ¯y genes Delta and SerrateÐtwo tected at about the time when the placode becomes morpho-
logically visible, is maintained up to and including the lat-related to Delta and two related to Serrate. The ®rst of
the Delta homologues, C-Delta-1, is described elsewhere est stage examined (stage 21/E3.5 for these structures), and
overlaps with a domain of C-Notch-1 expression (Figs. 2B±(Henrique et al., 1995); we present here the ®rst Serrate
homologue, C-Serrate-1. We have sequenced the whole of 2D). The one exception is the placode that contributes to
the trigeminal ganglion, which does not appear to expressits coding region, except for a 5* portion that was missing
from all cDNAs isolated and that encodes part of the N- C-Serrate-1.
2. Kidney rudiment. Expression of C-Serrate-1 and C-terminal signal sequence.
C-Serrate-1 codes for a protein of 1219 amino acids Notch-1 is observed in the cells of the intermediate meso-
derm from stage 10 (10 somites/35.5 HH hours) onwards(allowing an estimated 26 amino acids for the small missing
5* portionÐsee Fig. 1). A hydropathy plot reveals a single (Fig. 3A). As this nephrogenic mesoderm condenses to form
the mesonephric tubules, transcripts of both genes are de-hydrophobic region characteristic of a transmembrane do-
main. The protein contains at its amino terminus a cys- tected in the apical region of the epithelial cells of the tu-
bules (Figs. 3B and 3D). Both genes are later expressed inteine-rich DSL motif, characteristic of the Delta/Serrate/
Lag2 family of Notch ligands (Tax et al., 1994; Henrique et the metanephric kidney, again in the epithelial component
(Figs. 3C and 3E).al., 1995). There follows a series of 16 EGF-like repeats,
with a small insertion of 16 amino acids in the 10th. By 3. Vascular system. C-Serrate-1 is strongly expressed
in the vitelline veins and the adjacent caudal part of thecomparison, Drosophila Serrate has 14 EGF repeats, with
large insertions in the 4th, 6th, and 10th, while Drosophila developing heart tube, by stage 10 (10 somites/35.5 HH
hours) (Fig. 4A). The gene is also expressed, together withDelta has just 9 EGF-like repeats (Fig. 1B). Between the EGF-
like repeats and the transmembrane region, C-Serrate-1 con- C-Notch-1, in the linings of blood vessels (apparently in the
endothelial cells) (Figs. 4B and 4C).tains yet another cysteine-rich domain. No such domain is
present in Delta, but it is found in Serrate, with an almost 4. Limb buds. In the limb buds, C-Serrate-1 is ex-
pressed in mesenchyme rather than epithelium. In bothidentical spacing of the cysteines (Fig. 1C). Although the
intracellular domain of C-Serrate-1 shows no signi®cant forelimb and hindlimb, it is localised to a distal region (Fig.
5) and appears most intense at relatively late stages as thesimilarity to the intracellular domain of Drosophila Delta
or Serrate or any other known protein apart from rat Jagged, handplate and footplate are forming. C-Notch-1 is also ex-
pressed in the limb buds but, at least in the initial stagesthe other features indicate unmistakably that C-Serrate-1
is a homologue of Serrate and strongly suggest that it can of limb development, its transcripts are seen only in the
apical ectodermal ridge (Fig. 5A).act as a ligand for a receptor of the Notch family. Alignment
with rat Jagged (Lindsell et al., 1995) shows that the two 5. Central nervous system. C-Serrate-1 is expressed in
restricted domains in all subdivisions of the developinggenes code for proteins that are 86% identical in amino
acid sequence and consist of the same series of recognisable CNS. Expression in the forebrain is ®rst observed in the
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
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prospective dicencephalon at stage 10 (10 somites/35.5 HH Delta±Notch signalling performs this regulatory function
during early neurogenesis (Chitnis et al., 1995; Henrique ethours) (Fig. 2F), thereafter appearing as a triangular patch
coinciding with neuromere D2 (Figs. 2G±2I), which is des- al., 1995). If the same holds true during late neurogenesis,
we should expect to see continuing expression of C-Notch-tined to form the dorsal thalamus and the epithalamus
(Figdor and Stern, 1993). By stage 21 (E3.5), there is an addi- 1 and C-Delta-1 in the ventricular zone.
tional diffuse domain of expression in the cerebral hemi- We ®nd that C-Notch-1 is indeed expressed in apparently
spheres (data not shown). Midbrain expression starts during all the cells of the ventricular zone, except in the ¯oor plate
the third day of incubation, in several domains, as shown and roof plate (Figs. 6A±6C; see also Coffman et al., 1990;
in Fig. 2G. In the prospective posterior hindbrain, C-Serrate- Weinmaster et al., 1991; Reaume et al., 1992). Cells in the
1 is visible by stage 8 (4 somites/27.5 HH hours; Fig. 2E), but mantle zone do not express C-Notch-1. C-Delta-1 is tran-
fades by stage 10 (10 somites/35.5 HH hours). Thereafter, it scribed in a subset of cells within the ventricular zone; in
is expressed in longitudinal stripes in the hindbrain and the hindbrain, these are concentrated in the outer part of
spinal cord (described below), beginning around stage 14/15 this zone, closest to the mantle zone. Cells in the ¯oor plate
(52 HH hours) and being clearly visible by stage 17 (58 HH and roof plate do not express C-Delta-1, nor do those in the
hours). mantle zone itself (with the exception of weak expression
in some motor neurons) (Figs. 6D±6F and Fig. 7A).
From their location in the neural tube, the C-Delta-1-
C-Delta-1 and C-Notch-1 Are Expressed in the expressing cells could be either proliferating neural precur-
Ventricular Zone of Hindbrain and Spinal Cord sors or their nondividing progeny. To distinguish between
throughout the Period of Neurogenesis these possibilities, we used BrdU to label cells in S-phase
of the cell division cycle: it is known that the nuclei of theThe expression of C-Serrate-1, C-Delta-1, and C-Notch-
proliferating cells move in and out in the course of the cycle,1 in the developing hindbrain and spinal cord throws partic-
passing through S-phase while they are in the abluminalular light on the roles of these three genes in neurogenesis.
region of the ventricular zone (Fig. 6K, and Fujita, 1963;We present ®rst our ®ndings on C-Delta-1 and C-Notch-1,
Martin and Langman, 1965), where the C-Delta-1-express-extending our previous observations on this topic (Chitnis
ing cells are also concentrated. Embryos at stage 26 (E5.0)et al., 1995; Henrique et al., 1995), which focused on the
were pulse-labelled with BrdU and double-stained forproduction of the very ®rst neurons of the CNS.
BrdU incorporation and C-Delta-1 expression. The resultsStarting on the second day of incubation, neurons accu-
strongly suggest that C-Delta-1 is expressed only in cellsmulate in steadily increasing numbers, settling in the outer
that have ceased cycling: although the C-Delta-1-expressing(abluminal) part of the neural tube (see Fig. 6J for orienta-
cells are mixed with and closely adjacent to a dense popula-tion). By E3.0, one can distinguish a mantle zone, containing
tion of BrdU-labelled cells (Fig. 7A), they are not themselvesneurons, and a ventricular zone, containing the cell bodies
labelled with BrdU. Speci®cally, 99.4% of C-Delta-1-ex-of proliferating precursor cells. The ventricular zone per-
pressing cells were unlabelled with BrdU (720 cells counted,sists (in the spinal cord) until E8 (Martin and Langman,
from 62 sections of randomly selected regions of E5 hind-1965). Individual cells in this zone become committed as
brain, 6 embryos).neuronal precursors, cease dividing, and migrate outwards
This pattern is in agreement with previous evidence thatinto the mantle zone where they differentiate. Oligodendro-
C-Delta-1 is expressed in very early neurons (Henrique et al.,cytes and astrocytes differentiate laterÐoligodendrocytes
1995), and suggests that, during late neurogenesis also, pro-from about E6 (Ono et al., 1995) and astrocytes later still
spective neurons transiently express C-Delta-1 as they prepare(RamoÂn y Cajal, 1909) but it is unclear exactly when such
to migrate away from the lumen after completing their lastcells are determined. Neurogenesis in the hindbrain and
cell cycle. Further evidence for this conclusion comes fromspinal cord continues for at least 7 days, and some mecha-
the expression of C-Delta-1 in a band of cells next to thenism must operate to ensure that a population of dividing
dorso-lateral edge of the hindbrain ventricular zone (Fig. 6E).uncommitted cells is maintained during this period. We
have argued elsewhere that lateral inhibition mediated by These cells do not incorporate BrdU (Fig. 6K) and can be identi-
FIG. 1. Sequence and structure of C-Serrate-1. (A) Amino acid sequence aligned with that of rat Jagged (Lindsell et al., 1995); the
comparison with Jagged indicates that our C-Serrate-1 sequence lacks about 26 amino acids at the amino terminus. The DSL domain is
marked with asterisks (*); the 16 EGF repeats are indicated (}); the cysteine-rich region present in Drosophila Serrate and C-Serrate-1 but
absent in Drosophila Delta is indicated between arrows (R r); and the transmembrane domain is double-underlined. Potential proteolytic
cleavage sites (basic dipeptides) close to the transmembrane domain on the extracellular side are highlighted (//). (B) Diagram of the
primary protein structures of Drosophila Serrate, Drosophila Delta and C-Serrate-1. Hydrophobic regions (transmembrane domains and
signal sequences) are shown in black; DSL domains are chequered; EGF repeats are hatched; and the second cysteine-rich region in
Drosophila Serrate and C-Serrate-1 is stippled. (C) Alignment of the amino acid sequences of the cysteine-rich region of Drosophila Serrate,
C-Serrate-1, and rat Jagged. The region shown is located between the EGF repeats and the transmembrane domain.
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®ed by their location as the prospective neurons that migrate are consistent with the published pattern of Jagged expres-
sion in the rat E11.5±14.5 spinal cord (Lindsell et al., 1995).ventromedially from the rhombic lip to form the olivary com-
In the cross sections of hindbrain and spinal cord, it canplex and other brainstem nuclei (Harkmark, 1954; Tan and
be seen that the distribution of C-Serrate-1 expression alongLe Douarin, 1991; Hemond and Glover, 1993).
the luminal/abluminal axis is closely similar to that of C-
Delta-1 (Figs. 6D±6I and Fig. 8), suggesting that C-Serrate-
Gaps in the C-Delta-1 Domain in Hindbrain and 1, like C-Delta-1, is expressed transiently in postmitotic
Spinal Cord Correspond to Domains of C-Serrate-1 neuronal precursor cells. This is con®rmed by labelling with
Expression BrdU (Fig. 7B): of 720 C-Serrate-1-expressing cells, only 1
labelled with BrdU (61 sections; 6 embryos). Thus C-Ser-Transverse sections of the hindbrain and spinal cord re-
rate-1 and C-Delta-1 may play analogous roles in the con-veal gaps in the domain of C-Delta-1 expression, two on
trol of neurogenesis (see Discussion).either side of the midline (Figs. 6D±6F). These gaps corre-
Although C-Delta-1 and C-Serrate-1 have strikingly com-spond exactly to patches of C-Serrate-1 expression (Figs.
plementary domains of expression in the hindbrain and spi-6G±6I and Fig. 8). This complementary relationship be-
nal cord, their domains overlap in some other parts of thetween the expression of C-Delta-1 and C-Serrate-1 is also
CNS. For example, both genes are expressed in individualclear in ¯at whole-mount preparations (Fig. 9), which show
cells scattered throughout the optic tectum (Fig. 10). It isnarrow longitudinal stripes of C-Serrate-1 expression in the
currently unclear whether individual cells in such domainshindbrain and spinal cord, extending from a point just ante-
express both genes, or whether C-Delta-1 expression and C-rior to rhombomere 2 to the tail end of the embryo. These
Serrate-1 expression there are mutually exclusive. In eitherstripes of C-Serrate-1 expression, and the complementary
case, it appears that C-Serrate-1, C-Delta-1, and C-Notch-gaps in C-Delta-1 expression, are already evident by stage
1 act in association with one another during production of17 (E2.5), and they persist until E8, when neurogenesis in
neural cells in many regions of the CNS.the spinal cord is coming to an end (Martin and Langman,
1965) and expression of all three genesÐC-Notch-1, C- DISCUSSIONDelta-1, and C-Serrate-1Ðdiminishes. C-Serrate-1 is also
expressed, but more weakly, in cells immediately ¯anking We have described the C-Serrate-1 gene which encodes a
chick homologue of the ¯y Notch ligand Serrate and havethe ¯oor plate and the roof plate (Figs. 6G±6I). These results
FIG. 2ÐContinued cranial ectoderm anterior to the otic placode (ce). This latter region does not express C-Notch-1. (G) C-Serrate-1:
stage 13/14 (51 HH hours), dorsal view. Note strong expression in a triangular domain in the diencephalon (d2), corresponding to neuromere
D2 of Figdor and Stern (1993); in the ¯oor of the mesencephalon (arrowhead); diffusely in the dorsolateral mesencephalon (arrow); in parts
of the hindbrain (asterisks); and in the otic cups (ot). (H) C-Serrate-1: stage 14 (51.5 HH hours), lateral view. Note expression in neuromere
D2 (d2), lens vesicle (lv), otic cup (ot), and epibranchial placodes (arrowheads). In addition expression is seen in the deep part of the
ectodermal lining of the clefts and in the endodermal lining of the branchial pouches where the two epithelia abut one another (data not
shown). (I) C-Serrate-1: stage 18 (72 HH hours), lateral view. Note expression in the nasal placode (np) and in the anterior margin of the
branchial clefts (bc), in addition to the sites labeled also in (H).
FIG. 5. Expression of C-Notch-1 (A) and C-Serrate-1 (B±E) in the limb buds; ventral views. (A) C-Notch-1, stage 21 (E3.5), hindlimbs;
note expression in apical ectodermal ridge, where it persists up to stage 26 (E5) at least, in both forelimb and hindlimb. (B) C-Serrate-1,
stage 21 (E3.5), hindlimb. (C) C-Serrate-1, stage 24 (E4.5), hindlimb. (D) C-Serrate-1, stage 26 (E5), hindlimb. (E) C-Serrate-1, stage 26,
forelimb. C-Serrate-1 is expressed in the mesenchyme at the distal end of the limb bud, close beneath the middle or midposterior part of
the apical ectodermal ridge. In the stage 26 forelimb, expression is uniform along the anteroposterior axis, but in the stage 26 hindlimb
expression is stronger posteriorly.
FIG. 7. Expression of C-Delta-1 (A) and of C-Serrate-1 (B) in the ventricular zone in relation to cell division: details of double-stained
sections of stage 26 (E5) hindbrain, using in situ hybridisation to show gene expression (brown/black) and a ¯uorescent antibody to detect
BrdU incorporation (red). The BrdU was given 60 min before ®xation. Cells expressing C-Delta-1 do not incorporate BrdU; neither do
cells expressing C-Serrate-1. As a control for possible quenching of the ¯uorescent signal by the in situ precipitate, we have examined
expression of other genes (in particular a hairy/E(spl) homologue) in relation to BrdU incorporation; we ®nd that doubly labelled cells are
easily detected when present (data not shown). Scale bar, 50 mm.
FIG. 8. Complementarity in the expression patterns of C-Delta-1 (green) and C-Serrate-1 (red) in the spinal cord at stage 28/29 (E6). Two
near-neighbour transverse sections (45 mm apart) were hybridised with probes for C-Delta-1 and C-Serrate-1, respectively, and the images
were superimposed electronically in false colour. The two images are not quite perfectly in register because cryosectioning distorts adjacent
sections in slightly different ways. Scale bar, 200 mm.
FIG. 9. Flat whole-mount preparations of stage 28/29 (E6) hindbrain and anterior spinal cord showing the longitudinal stripes and
complementary expression of C-Delta-1 (A) and C-Serrate-1 (B). Dorsal views. One of the two major pairs of stripes of strong C-Serrate-
1 expression extends posteriorly from the boundary between rhombomeres 1 and 2; the other major pair continues into rhombomere 1.
Paired bands of weaker C-Serrate-1 expression immediately ¯anking the ¯oorplate are seen along the full extent of the hindbrain and
spinal cord. Scale bar, 500 mm.
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FIG. 3. Expression of C-Serrate-1 and C-Notch-1 in the embryonic kidney. (A) C-Serrate-1: stage 11 (42.5 HH hours) embryo, dorsolateral
view, showing expression in the intermediate (nephrogenic) mesoderm. (B) C-Notch-1: stage 21 (E3.5), parasagittal section through meso-
nephros. (C) C-Notch-1: stage 36 (E10), frontal section through metanephros. (D) C-Serrate-1: stage 21 (E3.5), parasagittal section through
mesonephros. (E) C-Serrate-1: stage 36 (E10), frontal section through metanephros. In mesonephros at least, both genes are most strongly
expressed in the least mature of the forming nephrons. Scale bars, 100 mm.
examined its expression during early embryonic develop- the differentiation of cultured myoblast cells that express
Notch-1. In almost all of the regions where C-Serrate-1 isment. We have shown that in the chick central nervous
system C-Serrate-1, C-Delta-1, and C-Notch-1 are expressed expressed in the chick embryo, C-Notch-1 is also expressed,
indicating a role for Serrate±Notch signalling. These sitesin closely related patterns that point to roles in the control
of neurogenesis. In hindbrain and spinal cord, in particular, of coexpression of C-Serrate-1 and C-Notch-1 include the
developing nervous system, vascular system, and kidney,C-Serrate-1 and C-Delta-1 are expressed in neuronal precur-
sor cells in strikingly complementary domains. We ®rst and, in the early embryo, all of the cranial placodes except
the trigeminal (Figs. 2B±2D, 2F±2I). The cranial placodescomment brie¯y on other sites of C-Serrate-1 expression,
before examining the implications of the patterns we see contribute neurons and/or peripheral components to organs
of special sense (sight, smell, taste, hearing, and balance),in the CNS.
suggesting a widespread involvement of Serrate±Notch sig-
nalling in controlling the production of neural and sensoryC-Serrate-1 Is a Likely Ligand for C-Notch-1 in cells.
Several Tissues C-Serrate-1 is transcribed in the fore- and midbrain, but
the patterns of transcription are intricate and not readilyThe amino acid sequence of C-Serrate-1 suggests that it
should act as a signalling ligand for a Notch family member. interpretable. Nevertheless, it is worth noting that expres-
sion in the diencephalon is initiated very early (Figs. 2F±Indeed, Lindsell et al. (1995) have shown that Jagged, the
rat counterpart of C-Serrate-1, is able to signal to and inhibit 2I), and becomes restricted to a prospective neuromere D2
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not occur in identical sets of cells, the expression domains
are closely related. We have presented data here for the
CNS, but the same is true elsewhere. For example, expres-
sion of C-Delta-1 accompanies that of C-Serrate-1 and C-
Notch-1 in the nasal, otic, and epibranchial placodes and in
the developing kidney (J. Adam, D. Henrique, and A. Myat,
unpublished results). A different Delta gene is expressed in
the vascular system (D. Henrique, unpublished results). In
all these tissues, the pattern of differentiation may depend
on an interplay between Delta±Notch and Serrate±Notch
signalling.
The most striking relationship between C-Serrate-1 and
C-Delta-1 is seen in the hindbrain and spinal cord, where
the two genes are expressed in complementary subsets of
newborn neural cells. This could be a re¯ection of comple-
mentary patterns of expression of upstream regulatory
genes; alternatively, it could be explained by mutual repres-
sion, such that expression of C-Delta-1 blocks expression
of C-Serrate-1, or vice versa. In Xenopus, we have found
that activated Notch inhibits expression of Delta-1 (Chitnis
et al., 1995); this raises the possibility that Delta-1 and
Serrate-1 might in¯uence one another's expression through
the activation of Notch.
The correlated expression patterns of C-Serrate-1, C-
FIG. 4. C-Serrate-1 expression in the vascular system. (A) Stage Delta-1, and C-Notch-1 in the hindbrain and spinal cord
10 (35.5 HH hours), whole mount, ventral view, showing expression lead directly to speci®c hypotheses as to the roles of these
of C-Serrate-1 in the developing heart (heart) and vitelline veins genes in neurogenesis. We discuss ®rst the implications as
(arrows). (B, C) Sections through branchial blood vessels at stage to the function of C-Delta-1, where there appear to be close
21 (E3.5) showing expression of C-Serrate-1 (B) and of C-Notch-1
parallels with Drosophila.(C), apparently in the endothelial cells. Scale bars, 50 mm.
C-Delta-1 Expression in the Embryonic CNS
Suggests a Continuing Role in Lateral Inhibition
domain before the appearance of overt morphological and the Control of Neurogenesis
boundaries within the forebrain. This suggests that C-Ser-
Our previous observations (Chitnis et al., 1995; Henriquerate-1 may play a role in the regionalisation of the dienceph-
et al., 1995) demonstrated that Delta±Notch signalling me-alon.
In all the above tissues, the cells expressing C-Serrate-1
and C-Notch-1 are in the same epithelial sheet, allowing
contact-mediated signalling between them. By contrast, TABLE 1
cells expressing C-Serrate-1 in the limb buds are mesenchy-
Comparison of C-Notch-1 and C-Serrate-1 Expression at Stages
mal (Fig. 5) and are separated from cells expressing C-Notch- 18±21 (E3.0±E3.5)
1 (in the apical ectodermal ridge) by a basal lamina. It is
nevertheless possible that Serrate±Notch signalling may Body region C-Notch-1 C-Serrate-1
occur here. For example, a different Notch family member
Brain and spinal cord / (Almost everywhere) / (Speci®c regions)
may be expressed with C-Serrate-1 in the limb bud mesen- Retina / 0
Lens / /chyme. Alternatively, C-Serrate-1 may give rise to a se-
Otic placode/vesicle / /creted product (as may Serrate in Drosophila; Couso et al.,
Epibranchial placodes / /
1995): proteolytic processing could release an extracellular Nasal placode / /
Dorsal root ganglia / 0 (Low level observed later)fragment to act as a diffusible signalling molecule.
Branchial mesenchyme / 0
Branchial ectoderm / /
Branchial endoderm / /
Presomitic mesoderm / 0C-Serrate-1 and C-Delta-1 Have Complementary
Somites / 0
Patterns of Expression in the Hindbrain and Spinal Mesonephric kidney / /
Metanephric kidney (E10) / /Cord
Blood vessels / /
Heart 0 (Present at earlier stages) /In many regions where C-Serrate-1 and C-Notch-1 are
Limb bud (stage 21/) /(AER) / (Distal mesenchyme)
expressed, so also is C-Delta-1: although expression does
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diates lateral inhibition in vertebrates during production of oncogene, implicated in T-lymphoblastic leukaemia (Elli-
sen et al., 1991)Ðmutational activation of Notch leads tothe very ®rst neurons, which are born before the neural tube
has closed. The present ®ndings extend these results, by an excess of proliferating cells. Thus lateral inhibition deliv-
ered via Notch may have a widespread role in regulatingshowing that the same machinery is available to exert simi-
lar regulation during later neurogenesis also: both C-Notch- production of terminally differentiated cells from prolifera-
tive stem-cell sources.1 and C-Delta-1 continue to be expressed in the hindbrain
and spinal cord so long as neurogenesis continues. Our re-
sults here differ from those of Bettenhausen et al. (1995), C-Serrate-1 May also Regulate Neurogenesis
who report that expression of the mouse Delta-1 gene
In the hindbrain and spinal cord, C-Serrate-1, like C-
(which they call Dll1) within the CNS is largely restricted
Delta-1, is expressed transiently in cells that appear to be
to early stages. Our own studies in the mouse, however,
emerging from the ventricular into the mantle zone. The
show that CNS expression of Delta-1 continues to late
distribution of expressing cells along the luminal/abluminal
stages (D. Henrique, unpublished results). Since we per-
axis, the correlation with C-Notch-1 expression, and the
formed our in situ hybridisation on sections, while Betten-
relationship to BrdU labelling are the same for both genes
hausen et al. based their conclusions on whole-mount em-
(Fig. 6). Moreover, the cytoarchitecture of the neural tube
bryos (where probe penetration can be a problem), it seems
appears the same in the C-Delta-1- and C-Serrate-1-express-
likely that the discrepancy re¯ects a difference in the sensi-
ing regions. This parallelism suggests that C-Serrate-1 per-
tivity of the techniques, and that chick and mouse are fun-
forms the same function as C-Delta-1 during neurogenesis,
damentally similar in their Delta-1 expression.
but in a complementary set of domains. In these regions ofDuring late as well as early neurogenesis, the C-Delta-1-
the vertebrate CNS, Serrate±Notch signalling, like Delta±expressing cells are in the correct location to be prospective
Notch signalling, may mediate lateral inhibition. This viewneurons (Figs. 6D±6F) and, like neurons, are nondividing,
is supported by the evidence from Drosophila mutants that
as judged by BrdU labelling (Fig. 6L). The time course of C-
ectopic Serrate can act in place of Delta as a Notch ligand
Delta-1 expression in the spinal cord, from E1 to E8, also
to regulate neurogenesis (Gu et al., 1995).
matches the time course of neurogenesis (this paper and
However, C-Serrate-1 may do more than just mimic C-
unpublished data). All these ®ndings point to the conclu-
Delta-1. An obvious possibility is that it may govern the
sion that the C-Delta-1-expressing cells in the CNS are in-
production of some special class of neurons or glial cells.
deed nascent neurons. We do not exclude the possibility
Certainly, there are differences in the types of neurons and
that some of them are glial precursors, although glial cells
glial cells produced at different dorsoventral levels in the
do not begin to differentiate overtly until E6 (Ono et al.,
neural tube (Harkmark, 1954; Dale et al., 1987; Leber et al.,
1995); relatively little is known about when cells in the
1990; Tan and Le Douarin, 1991; Hemond and Glover,
hindbrain and spinal cord become committed to a glial fate.
1993). For example, oligodendrocytes in the spinal cord orig-These observations lead to a simple model in which
inate from a narrow band of cells positioned in the midven-Delta±Notch signalling in the CNS serves to maintain a
tral region of the ventricular zone (Yu et al., 1994). It re-proliferative cell population from which differentiated post-
mains to be seen whether the C-Serrate-1 domains coincide
mitotic cells are continuously produced. Cells that have
with any such sites of specialised cell production.
ceased dividing express C-Delta-1 as they emerge from the
A further possibility is suggested by observations in Dro-
ventricular zone; meanwhile their neighbours, the prolifer-
sophila, where the normal functions of Serrate, though still
ating neuroepithelial cells, express C-Notch-1. The effect
exerted via Notch, are decidedly different from those of
of lateral inhibition delivered through Delta±Notch signal-
Delta. The most prominent role of Serrate in the ¯y is to
ling is to prevent the latter cells from differentiating prema-
establish a band of specialised wing-organiser cells that de-
turely. It thus acts as a negative feedback, limiting the rate
marcate the wing margin, and which arise at the interface
of conversion of proliferative precursor cells into nonprolif-
between a domain that expresses Serrate and a domain that
erative differentiating cells, and so allowing neurogenesis
does not (Speicher et al., 1994; Couso et al., 1995; Diaz-
to continue for many days. In agreement with this view,
Benjumea and Cohen, 1995; Kim et al., 1995). By analogy,it is found that expression of activated Notch in Xenopus
boundaries of C-Serrate-1 expression could play an organis-suppresses neuronal differentiation and causes neural tube
ing role in dorsoventral patterning of the hindbrain and spi-overgrowth (Coffman et al., 1993; Chitnis et al., 1995).
nal cord neuroepithelium. C-Serrate-1 may well act in lat-
There are many other tissues besides the embryonic CNS
eral inhibition, but this does not preclude other functions
in which stem cells are required to generate a continuous
of a different sort.
supply of differentiated progeny; examples include the epi-
dermis, the lining of the gut, the haemopoietic tissues, and
Development of the CNS Depends on the Notchthe olfactory epithelium. In most of these, genes of the
Signalling Pathway in a Similar Way in InsectsNotch family are known to be expressed (Weinmaster et
and Vertebratesal., 1991; Franco del Amo et al., 1992; Reaume et al., 1992;
Kopan and Weintraub, 1993; Lardelli et al., 1994; Milner et At ®rst sight, the formation of the central nervous system
appears radically different in insects and vertebrates. In Dro-al., 1994). In at least one caseÐthat of the human TAN-1
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FIG. 6. Expression of C-Notch-1 (A±C), C-Delta-1 (D±F) and C-Serrate-1 (G ±I) in the hindbrain and spinal cord; in situ hybridisation
on transverse sections through the hindbrain at approximately the level of the ear at stage 21 (E3.5) (left-hand column), through the same
region at stage 26 (E5) (middle column) and through the spinal cord at stage 28/29 (E6) at or just anterior to the level of the forelimbs
(right-hand column). C-Notch-1 is expressed throughout the ventricular zone, where cells are proliferating, but not in the mantle zone,
where cells are differentiating. C-Delta-1 is also expressed in cells of the ventricular zone, but not in the cells closest to the lumen. Two
small patches on either side of the midline do not express C-Delta-1 and correspond to the two strong domains of C-Serrate-1 expression.
In (E), the arrow indicates the path of migration of neuronal precursors from the dorsolateral edge of the ventricular zone to form the
olivary nuclear complex (Harkmark, 1954; Hemond and Glover, 1993); neuronal precursors from other regions of the ventricular zone are
thought to migrate radially away from the lumen. Note that in (F), C-Delta-1 expression is visible also in some motorneurons (mn); in
(G±I), an additional weak domain of expression of C-Serrate-1 is seen immediately ¯anking the ¯oorplate and in (I) immediately ¯anking
the roof plate and in some motor neurons also. (J) Cross section of hindbrain at level of ears at stage 25 (E4.5±5); 2-mm resin section,
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brates, the CNS arises from the neural plate, a dorsal part
of the sheet of neurectoderm that invaginates, pinches off
from the future epidermis, and becomes overwhelmingly
neural. Thus the vertebrate segregates its neural and epider-
mal cells in a quite different way from the ¯y, indepen-
dently of ®ne-grained patterning by lateral inhibition.
When we examine the cellular details of neurogenesis,
however, and compare the neurectoderm of the ¯y with
the neural plate/tube of the vertebrate, we ®nd impressive
similarities. Just as the vertebrate ventricular zone gener-
ates many successive cohorts of neurons, so also the ¯y
neurectoderm generates three successive waves of neural
progenitor cells (Campos-Ortega, 1993). In both cases, the
neural cells arise as scattered subsets of the population,
and lateral inhibition via Notch restricts the proportion of
uncommitted epithelial cells that become committed to a
neural fate at any given stage. In both cases, expression of
the genes coding for the Notch ligands that deliver inhibi-
tion is transient, being switched off in the new crop of neu-
ral cells soon after they become committed to their fate
(Kooh et al., 1993; Henrique et al., 1995, and present data),
and so allowing subsequent rounds of commitment and lat-
eral inhibition. Thus, underlying mechanisms for commit-
ting subsets of cells to a neural fate appear similar in insects
and vertebrates. The resemblance in mechanisms of central
neurogenesis supports other evidence suggesting that the
ventral side of an insect is homologous to the dorsal side
of a vertebrate and that the insect and vertebrate central
nervous systems have a common evolutionary origin
(Arendt and NuÈ bler-Jung, 1994; Holley et al., 1995). The
developmental system of cell types and cell±cell signals in
the embryonic nervous system may have been conserved
more faithfully than its gross anatomy.
FIG. 10. Expression of C-Delta-1 (A, C) and C-Serrate-1 (B, D) in
the neighbourhood of the forebrain/midbrain junction, as seen in
coronal sections at stage 21 (E3.5). (C) is a detail (from an adjacent ACKNOWLEDGMENTS
section) corresponding to the boxed region in (A); (D) is a detail of
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